A simple method is suggested to calculate synthetic long-period seismograms by normal mode summation. Effects of the lateral heterogeneity are incorporated by the first-order asymptotics which are valid up to the order of I-1 (l: angular order). Synthetic seismograms of a laterally heterogeneous earth model can be calculated by those of a spherically symmetric earth model with varying frequency, epicentral distance, amplitude, and azimuth.
Introduction
Normal mode summation is a natural way to synthesize long-period seismograms. For a spherically symmetric earth model, theory for normal modes (free oscillations) has been established. DZIEWONSKI et al. (1981) have used nearly 5,000 modes (period longer than 45 s) to synthesize seismograms and applied them to the routine determination of seismic mechanisms (moment tensors). If the assumption of spherical symmetry is removed (e.g., diurnal rotation and lateral heterogeneity), calculations of normal modes become difficult (DAHLEN, 1968; WOODHOUSE and DAHLEN, 1978) . The difficulty is pronounced when the coupling between multiplets is included. Recently, PARK and GILBERT (1986) and MORRIS et al. (1987) have shown that calculations of normal modes with the coupling are possible for a rotating, laterally heterogeneous earth model. However, such calculations are tedious and not suitable for inversion of earth structure. To avoid this difficulty, WOODHOUSE and DZIEWONSKI (1984) have used an approximate method which enables them to obtain laterally heterogeneous earth models. Effects of the lateral heterogeneity are incorporated by the frequency and epicentral distance perturbations.
These are mode dependent and are linearly related to the lateral heterogeneity.
In this method the coupling between multiplets on the same dispersion branch is implicitly incorporated . DAVIS and HENSON (1986) , ROMANOWICZ and ROULT (1986 ), ROMANOWICZ (1987 ), and PARK (1987 have derived the first-order asymptotics for free oscillations of a laterally heterogeneous earth model. These are valid up to the order of l-1 (l: angular order), while WOODHOUSE and DZIEwONSKI (1984) have relied on the 0-th order asymptotics. However, the first-order asymptotics are extremely complicated, and the physical interpretation is not clear, especially for perturbed frequencies that behave as (1 (5) is the multiplet location parameter defined by JORDAN (1978) . The multiplet location parameter is dependent not only on the perturbation matrix elements but on source parameters and instruments. In Eq. (4), the multiplet location parameter is interpreted as the perturbation to the degenerate frequency ask of the multiplet. However, this interpretation is not convenient, when we consider the first-order asymptotics as shown below.
The third term of Eq. (2) is the contribution from different multiplets. The coupling between multiplets on the same dispersion branch has been considered ROMANOWICZ, 1987; PARK, 1987) . However, for example, the spheroidal-toroidal coupling has been neglected. The validity of this assumption is discussed in the final section. JORDAN (1978) has shown that the multiplet location parameter is approximated by, in the asymptotic limit of large 1, ti (56 (6) 
Asymptotic approximation (0)
with (9) where U is the group velocity, and a is the earth's radius. We use to denote the average over the minor arc connecting the source and receiver.
2.3 Asymptotic approximation (l-1) DAVIS and HENSON (1986) and ROMANOWICZ and ROULT (1986) have derived the first-order asymptotics for the multiplet location parameter, which are valid up to the order of /-1 ROMANOWICZ (1987) and PARK (1987) have extended the results to include the coupling between multiplets on the same dispersion branch.
We first discuss a simple case of an azimuthally symmetric source and a vertical instrument; Sk0 and Rk0 are not zero in Eq. (3). The multiplet location parameter is approximated by (ROMANOWICZ and ROULT, 1986; ROMANOWICZ, 1987) 
An Alternative Interpretation of First-Order Asvmptotics
To clarify the physical meaning of first-order asymptotics, we consider a simple case of an azimuthally symmetric source and a vertical instrument, and return to the expression from which Eq. (10) (17) Substituting Eq. (17) into Eq. (16), we have the amplitude perturbation for each orbit: (18) This expression coincides with one obtained by WOODHOUSE and WONG (1986) using a surface wave approach. For the first orbit (n = 1), the amplitude perturbation reduces to (19) which is, as expected, dependent only on the minor arc average (ROMANOWICZ, 1987) .
Equations (18) and (19), which have been derived by WOODHOUSE and WONG (1986) and ROMANOWICZ (1987) , are valid only for the travel time of surface waves given in Eq. (17). On the other hand, Eq. (16), which is the main result of this paper, is valid for general t and useful for calculating synthetic seismograms as discussed in the next section.
For general sources and instruments, many other terms appear in the firstorder asymptotics. For example, the amplitude perturbation of the first orbit for a vertical instrument and general moment tensors may be written as (ROMANOWICZ, 1987) (20) This is justified because we rely on the linearized approximation given in Eq. (2). The first term in the bracket is the same as Eq. (19). The second term may be interpreted in terms of the azimuthal perturbation given by (22) The azimuthal perturbation, which is valid for general t, is similar in form to the amplitude perturbation given in Eq. (16): (23) For general instruments and general moment tensors, the azimuth of source from receiver is also perturbed:
where P and P may be defined similarly to E and E (WOODHOUSE and WONG, 1986, Eq. 50) . For each orbit, the azimuthal perturbation is similar to Eq. (18). 
with (26) Here Q, is the Legendre function of the second kind. For large 1, Q(1)l and Q(2)l behave like traveling waves of odd and even orbits, respectively; (27) To calculate synthetic seismograms for a laterally heterogeneous earth model, it is necessary to multiply the right-hand side of Eq. (25) by the amplitude perturbation given in Eq. (16): (28) This method has the advantages that it is exact for a spherically symmetric earth model and that overtones are easily treated. For general sources and receivers, the azimuthal perturbations given in Eqs. (23) and (24) are necessary in addition to the frequency perturbation, the distance shift, and the amplitude perturbation.
Discussion
In previous studies, the spheroidal-toroidal coupling has been neglected. The validity of this assumption is discussed below. For large l, the spheroidal-toroidal coupling is of the order of l-1 compared to the coupling between multiplets on the same dispersion branch considered above (see perturbation matrix elements given in WOODHOUSE (1980) for isotropic perturbations). Therefore, the effects of the spheroidal-toroidal coupling may be comparable to those of the amplitude and azimuthal perturbations that are consequences of the first-order asymptotics. If anisotropy is introduced, the situation becomes more complicated; the spheroidaltoroidal coupling is of the same order as the coupling between multiplets on the same dispersion branch (MOCHIZUUKI, 1986 b) . At present, no systematic method is available to incorporate the spheroidal-toroidal coupling, and this is an interesting subject for future study. It is emphasized that anisotropy should be included to consider the spheroidal-toroidal coupling.
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